The chemical compositions of the capsular and extracellular polysaccharides of two strains of Rhizobiuw japonicum (311b 138 and 110) have been determined and correlated as a function of culture age with the ability of the bacteria from which they were obtained to bind soybean seed lectin.
residues in the polysaccharides. In both strains the proportion of galactose to methyl galactose is considerably greater in the polysacchanride from bacteria which do bind lectin than in the polysaccharide from bacteria which do not bind lectin.
In addition to the changes in polysaccharide composition, there is a reduction of about 50% in the percentage of cells which are encapsulated as the cultures mature from early to late log phase. Since only capsulated cells bind lectin, the combination of the change in capsular composition and loss of encapsulation is probably sufficient to account for the loss of lectin binding capacity during growth of cultures of Rhizobium japonicum 311b 138 and 110.
In our efforts to determine whether or not soybean seed lectin is involved in the recognition of Rhizobium]japonicum by soybeans we have undertaken a study of the extracellular polysaccharides of two strains of R. japonicum that bind soybean lectin. Bal et al. 3 To whom reprint requests should be sent.
The correspondence of these changes indicates the capsular polysaccharide is indeed the lectin receptor, and that if capsular lectin receptor is important in the recognition process rhizobia may only be recognized during certain stages of their growth.
MATERIALS AND METHODS Rhizobium Cultures. The sources, maintenance, and defined culture medium for the two strains of R. japonicum studied, 3Ilb 110 and 311b 138, have been described (5) . Cultures for the preparation of capsular and extracellular polysaccharides were started by adding a volume of bacterial suspension from a 9-dayold culture equivalent to 1 ml of 1 A unit at 620 nm to 100 ml of medium. The binding of fluorescein isothiocyanate-labeled soybean lectin to R. japonicum cells was determined as previously described (5) . Capsules were visualized by the wet film india ink method (16) . The ink particles were sonicated in an ultrasonic bath for 1 h with a pinch of small glass beads to make them significantly smaller than the bacterial cells so that unencapsulated bacteria could be readily seen.
Preparation of Capsular and Extracellular Polysacchandes. The medium was decanted from the pelleted cells after centrifugation at 20,000g for 10 min and the cells washed with phosphatebuffered saline (0.43 g KHRP04, 1 .68 g Na2HPO4, 7.2 g NaCI/l [pH 7.2]) three times to ensure that there would be little or no contamination of the cells with polysaccharides from the medium. After washing, the cells were suspended in phosphate buffered saline and left 4-7 days in a refrigerator. This caused the capsule to become soluble. In other experiments the capsules were removed from the cells by a 2-min treatment in a Waring Blendor. Both methods of preparation gave polysaccharides of identical sugar composition, but the blending appeared to substantially reduce the apparent mol wt of the polysaccharide. After the capsules had been solubilized, the cells were removed by centrifugation and the supernatant solution was made approximately 10 mM in EDTA to help remove any bound divalent cations. The solution was dialyzed extensively against distilled H20 and then freeze dried.
For preparation of the extracellular polysaccharides, the medium was first concentrated by freeze-drying and then resuspended in about one-fourth the volume of water. EDTA was added until the suspension became clear. The solution was dialyzed 4-6 days against distilled H20 and then freeze dried. If the solution was cloudy due to residual bacteria, the dialyzed solution was again centrifuged at 20,000g before freeze drying.
Sugar Analysis. Neutral sugars were determined as their alditol acetate derivatives by GLC. The sugars were derivatized by the procedure ofAlbersheim et al. (1) with the microscale modification described by Pope (25) . A slight further modification was added.
The alditols were acetylated in a 1:1 mixture of pyridine and acetic anhydride at 100 C for 10 min, rather than in 100o acetic anhydride at 121 C for I h as in the previous methods. After acetylation the reagents were evaporated, the remaining pyridine coevaporated by adding a little toluene, and then the derivatives were dissolved in 25 ,d acetone or ethylacetate.
The derivatives were well separated on a 180-cm x 2-mm i.d. column with the packing described by Darvill et al. (10) . Under our conditions, with a temperature program of 4 min at 140 C followed by a linear increase of I C per min to 190 C, 4-0-methyl galactose eluted just after galactose. In a typical chromatogram, galactose eluted in 21.96 min and 4-0-methyl galactose in 23.40 min. Although the elution of 4-0-methylgalactose after galactose was unexpected, the identity of the peak was confirmed as described below.
Ketodeoxyoctonate was determined by the method of Karkhanis et al. (19) . Acetate was determined as described by Downs and Pigman (13) . Pyruvate was determined by the procedure of Sloneker and Orentas (28) as modified by Sutherland (29). Uronic acids were determined by the assay of Blumenkrantz and AsboeHansen (6). Uronic acids were identified, as were the neutral sugars, by forming their trimethylsilyl methyl glycosides as described by Bhatti et al. (4) with the modifications of Pritchard and Todd (26) . The 4-0-methyl galactose peak coincides with one of the galacturonic acid peaks and with the major mannose peak, thus preventing the use of trimethylsilyl methyl glycosides for quantitation of these sugars.
The mass spectra of the acetylated aldononitriles (12) from a 2 N trifluoroacetic acid hydrolysate of the polysaccharide were determined as described by Seymour et al. (27) . The 4-0-methyl galactose was identified by demethylation of intact extracellular polysaccharide with lithium in ethylamine by a procedure modified from that described by Monneret et al. (22) . In this procedure, 15-20 mg polysaccharide were placed in a 50-ml, three-necked flask and 15-20 ml monoethylamine distilled into the flask from the tank by cooling the flask in an ice bath. The flask was fitted with a CaCl2 drying tube and a stopper to allow addition of lithium pieces. The suspension was stirred with a Teflon-coated stirring bar (which turned black during the reduction). After suspension of the polysaccharide, two small pieces of freshly cut lithium wire were added. When the suspension turned dark blue, timing of the reduction began. After 2 h, the blue color being maintained by further additions of small pieces of lithium, a few ml of dry methanol were added until the blue coloration was dispelled. The excess ethylamine was removed by evaporation with a water aspirator. The solid residue was dissolved in a small volume of 4 N HCI with cooling in cold water as required. Additional 4 N HCI was added until the mixture was no longer alkaline. The solution was then desalted by passage through a Bio-Gel P-2 column. The sugar composition of the resulting oligosaccharide was determined as described above.
Fractionation of the intact extracellular polysaccharide from an 11-day-old culture of 31lb 138 was attempted by using a 1.5-x 15-cm column of DEAE-Bio-Gel A (BioRad Laboratories). The sample (-20 mg) was applied in water and eluted with a linear gradient of from 0 to 0.3 M NaCl in one-tenth phosphate buffered saline, with a total volume of 200 ml.
RESULTS
Preliminary analysis of the extracellular and capsular polysaccharides of 311b 138 revealed that both polysaccharides were similar in composition, and that the composition of both changed with the age of the culture. A sugar was found to be present which did not chromatograph with any of the common hexoses. From the work of Dudman (14) and Kennedy and Bailey (20) the unknown sugar was most likely a monomethylated hexose.
cultures of both 31lb 138 and 3Ilb 110 were composed of glucose, mannose, galacturonic acid, galactose, and the unknown sugar. Approximately unit molar ratios were found for glucose, mannose, and galacturonic acid (2:1:1), but there was less than one unit of galactose and of the unknown sugar. However, the sum of galactose plus the unknown sugar was equivalent to the amount of either mannose or galacturonic acid. The polysaccharides produced by strain 31Ilb 110 had the same sugar composition as those from 311b 138, although the ratio of galactose to unknown sugar was different (Table I) .
The identification of the unknown sugar as 4-0-methyl galactose in the R. japonicum polysaccharides was based on the following observations. The mass spectrum of the peracetylated aldononitrile derivative of the unknown sugar gave intense peaks at m/e 189 and 214, as one would expect for cleavage of the aldononitrile at either side of a methyl ether on the 4 position of a hexose (12) . Upon demethylation of the intact polysaccharide with lithium in ethylamine, the amount of this methylated hexose decreased with a concomitant increase in the amount of galactose. Unexpectedly, the lithium treatment cleaved the polysaccharide into a tetrasaccharide with apparent destruction of the galacturonic acid. This result could be explained if the galacturonic acid were in the backbone ofthe polysaccharide and the polysaccharide were composed of repeating pentasaccharide units (23, 24) .
In addition to the five sugars, the polysaccharide contained one to two acetyl groups per pentasaccharide unit. No evidence was found for pyruvate substituents, which are common in other bacterial polysaccharides.
As a test of contamination of the polysaccharide by other polysaccharides or sugar-containing polymers, the preparation was subjected to chromatography on DEAE-agarose. The column effluent from the salt gradient was tested for neutral sugars by the phenol-sulfuric acid test (2) . The polysaccharide eluted as a single peak with a sharp front at approximately 0.15 M NaCl, but with some material eluting continuously up to 0.3 M NaCl (Fig. 1) . Washing the column with 1 M NaCl caused a little additional polysaccharide to elute. The sugar compositions of the various pooled fractions, indicated in Figure 1 , were similar (Table II) .
Our attempts to determine the degree of polydispersity of the polysaccharide were unsuccessful because it eluted in the void volume of all the gel filtration columns we tried, including agarose 50m.
Ketodeoxyoctonate was assayed as a test for contamination of the capsular polysaccharide by lipopolysaccharide from the outer membrane of the bacteria. Ketodeoxyoctonate was found to be present at the level of -0.025%, indicating a maximum of 0.25-1% contamination by lipopolysaccharide, assuming lipopolysaccharides of rhizobia to be 2-9o ketodeoxyoctonate (8) . The capsular/exopolysaccharide preparations contained about 2% protein as determined from amino acid analysis by GLC (21). (Fig. 4) were large, amorphous masses of polysaccharide around the cells. The proportion of encapsulated cells increased to about 55% of the cells at the time of maximum lectin-binding ( Fig. 2A) . As the percentage of lectin binding cells dropped, so did the percentage of encapsulated cells, but only to about 30%o. After 12-13 days of culture the capsules were almost completely gone from the cells. From day 7-1 1, the capsules became smaller and were often present only around one end of the cell (Fig. 4) .
DISCUSSION
The data presented above indicate that the two strains of R japonicum analyzed, 311b 110 and 311b 138, produce similar capsular/exopolysaccharides. Dudman (14, 15) tween the reported compositions of these five strains was in the ratio of galactose to 4-0-methyl galactose (14) . Three of the other R. japonicum strains examined by Dudman (14) produced a polysaccharide of completely different composition, containing rhamnose and 4-0-methyl glucuronic acid. Two other strains of R. japonicum did not produce polysaccharides of either of these two types.
The results shown in Figure I and Table I Figures 2, B and C, and 3 , B and C seem to be in agreement with this inference. A similar conversion of insoluble to soluble polysaccharide has been reported for Azotobacter vinelandii (9) .
The nearly stoichiometric molar ratios of sugars in the R japonicum capsular/exopolysaccharides suggests, but does not prove, that these polysaccharides are made up of repeating pentasaccharide units. From the compositional data, each pentasaccharide repeating unit should contain one residue of mannose, one residue of galacturonic acid, two residues of glucose, one to two 0-acetyl groups, and one residue of either galactose or 4-0-methyl galactose. The production of tetrasaccharides in high yields after treatment of the polysaccharides with lithium in ethylamine, by a mechanism which appears to involve destructive cleavage of uronic acids, lends further support to the possible pentasaccharide repeating structure (23) . Preliminary results from methylation analyses of the polysaccharides are likewise consistent with a pentasaccharide repeating unit structure (24) . Methylation analyses indicate that the galactose residues are in nonreducing terminal positions (i.e. at the end of side chains) in the polysaccharide (24) .
Late in the log phase of growth, there is a significant decrease in the galactose content of the 110 and 138 capsular polysaccharides, and closely corresponding increases in the amount of 4-0-methyl galactose (Figs. 2B and 3B ). The amounts of the other components of the capsular polysaccharides remain quite constant throughout the entire growth period. The most straightforward explanation of these results is that galactose residues in newly synthesized polysaccharide are being enzymically converted in older cultures to 4-0-methyl galactose residues. Methyltransferases, capable of methylating specific hydroxyl groups in polysaccharides, have been shown to exist in other bacteria (17) .
The apparent conversion of galactosyl to 4-0-methyl galactosyl residues in the polysaccharide may help to explain the rather dramatic changes in the lectin-binding ability of these bacteria with culture age (5, and see Figs. 2A and 3A) . Studies on the binding specificities of various lectins, including soybean lectin, that bind carbohydrates with terminal galactose or N-acetyl galactosamine residues indicate that the hydroxyl group at the 4 position of galactosyl or N-acetyl galactosaminyl residues is very important for lectin binding (18) . Substituents on the hydroxyl group at the 4 position are likely to prevent or diminish lectinbinding.
N-Acetyl galactosamine and 2-0-acetyl galactose are the best monosaccharide haptens for soybean seed lectin (18) . The presence of acetyl groups in the capsular and exopolysaccharides raises the possibility that the galactosyl residues are 2-0-acetylated. This could contribute significantly to the affinity between the polysaccharide and soybean seed lectin.
In the case of 311b 138, the proportion of cells that bind lectin decreases before there is a change in the composition of the capsular polysaccharide. However, Figure 2 shows that as the percentage of lectin-binding cells falls, so does the percentage of cells which are encapsulated. Since only cells with capsules can bind lectin, the decrease in binding ability on day 4 (Fig. 2) is R JAPONICUM PO probably a consequence of diminished encapsulation. On day 6, even though -30%o of the cells are encapsulated, the composition seems to be changed so that the cells cannot bind lectin. Thus it appears that a combination of changes in capsular polysaccharide composition and percentage of encapsulated bacteria can explain the observed changes with culture age in lectin binding ability of R japonicum.
